In an attempt to investigate Cs-Te corrosion depth dependence on distribution of chromium carbide precipitation in high chromium steel, Cs-Te corrosion out-pile tests of two 9Cr steels with different distributions of chromium carbide were carried out at 975K for 100h and their corrosion depths were compared. The corrosion is obviously more advanced in a specimen which has grain boundary carbide than in the one that doesn't. A considerable reason of the result is that the carbide distributed at grain boundaries promoted the corrosion reaction and the corrosion extended along the grain boundary. This is the first case in which the Cs-Te corrosion depth dependence on distribution of chromium carbide precipitation in Fe-Cr steel is clarified experimentally.
Introduction
Development of the cladding material which has high resistance to irradiation swelling and fuel-cladding chemical interaction (FCCI) is required for burn-ups enhancement in Fast Breeder Reactor (FBR) fuel pin. [1, 2] .
Fe-Cr steel is developed as candidate material for FBR fuel cladding [3, 4] . And the chemical composition and microstructure has been optimized based on irradiation resistance and high-temperature mechanical property [1] . FCCI resistance of FBR fuel cladding material is also necessary for further development of burn-ups. Post irradiation examination results in JOYO showed that Fe-Cr steel was obviously attacked and thinned by FCCI [5, 6] . Moreover, clad wastage correlations predicted several hundred micro meters depth of FCCI attack depending on calculation condition [7] . Many studies about FCCI in austenitic stainless steel claddings such as in-pile tests, out-pile tests and their related fundamental researches were carried out mostly in 1970s. Fe-Cr ferritic steel took the place of austenitic stainless steel as a candidate material for FBR fuel cladding after it was found that ferric steel has excellent swelling resistance under high dose neutron irradiation [8] . FCCI behavior dependence on material factors such as chemical composition and microstructure of the cladding have not been investigated yet although they are necessary to improve FCCI resistance of the material.
Main causative agents of FCCI in oxide fuel pin were estimated to be Cs and Te based on thermodynamic consideration by Adamson [9] . In addition, a past experimental report suggested that decomposition of chromium carbide at grain boundary by tellurium in cesium telluride can advance the Cs-Te corrosion in high chromium steel [10] . In an attempt to investigate Cs-Te corrosion depth dependence on distribution of chromium carbide precipitation in high chromium steel, Cs-Te corrosion out-pile tests of two 9Cr steels with different distributions of chromium carbide were carried out.
This report is the first case to investigate the relation between Cs-Te corrosion depth and distribution of chromium carbide precipitation in Fe-Cr steel.
Experimental

Material
Metallographic structure
A Fe-9Cr-0.1C ternary ingot was alloyed by arc melting and cold worked up to rolling ratio of 50% at room temperature (RT). The ingot was cut into halves. A half, hereinafter referred to as 9Cr-0.1C(A), was isothermal-treated at 1073K for 1h and cooled to RT in 10h. The heat treatment makes the supersaturated C and Cr in the material to precipitate in grain. Another half, hereinafter referred to as 9Cr-0.1C(B), was heated up to 1273K in 20h and cooled to RT in 10h. The heat treatment assists microsegregation of carbon along grain boundary in order to precipitate chromium carbide at the specimen's grain boundary. Figure 2 shows (a) a transmission electron microscope (TEM) image, (b) an EDS spectrum and (c) an electron diffraction pattern of precipitates in 9Cr-0.1C(A). Very fine precipitates which have a diameter of 100 ~ 200nm were observed as shown in Figure 2 (a). An EDS spectrum of a precipitate α in Figure 2 (a) was obtained by TEM as shown in Figure  2 (b) and it's suggested that the precipitate α consists of mainly chromium and carbon. The Cu detection in the spectrum is caused by energy refraction from TEM mesh made of copper. Figure 2 (c) shows an electron diffraction pattern of the precipitate α. The diffraction pattern spot arrangement matched Cr 23 C 6 [11] . The Fe detection in the spectrum must be from base metal near the precipitate α. 
Precipitates in the material
Cs-Te corrosion test
Cylindrical shaped specimens (Φ = 3.7 mm × l = 20 mm) were cut out from the ingot after the heat treatment as written in the section 2.1.1. The surfaces were polished by sand papers (~ #15000) and diamond grains (~0.25 μm). Figure 4 shows an illustration of the Cs-Te corrosion test apparatus. The entire process of assembling apparatus including synthesizing Cs-Te corrosive compound was carried out in an argon filled glove-bag. The Cs-Te corrosive compound was synthesized by mixing liquid cesium (99.95%, Sigma-Aldrich) and tellurium powder (99.8%, Sigma-Aldrich) in the ratio of 1:1 in the glove-bag. Figure 5 shows an X-Ray Diffraction pattern of the Cs-Te corrosive compound and the compound was mainly Cs 2 Te 3 [12] . The Te-activity value of Cs 2 Te 3 is equivalent to the Te-activity in MO x (M=U 0.75 Pu 0.25 , x>2) [13] which can simulate sufficient amount of severity of the corrosion environment in high burn-up FBR fuel pin. The specimens and Cs 2 Te 3 were put into an alumina crucible. The crucible and Mo/MoO 2 mixed powder (Mo:MoO 2 = 1:1, 1.5g) were put into a one end sealed quartz tube to simulate an oxygen potential of high burn-up FBR fuel pin inert gas (-416.5 kJ/mol at 923K) [14] . Next, the other open end of the quartz tube was sealed with an attached valve and the quartz tube was taken out from the glove-bag. The quartz tube was heated in an electric furnace up to 923 K for 100 hours as the corrosion test. The corrosion area on the cross-sections were observed by SEM with EDS and all corrosion depths in the cross-sections were measured by SEM.
< Figure 4 >
An illustration of the Cs-Te corrosion test apparatus. < Figure 5 > An X-Ray Diffraction pattern of the Cs-Te corrosive compound. Figure 6 (a) shows SEM images and EDS mapping images of cross-section of the specimens after the corrosion test. Each interval of line shaped corrosion areas is several tens micro meters in Figure 6 whose value is close to the grain size shown in Figure 1 . The corrosion area seems to be extended along the grain boundary in both specimens. Figure 6 (b) shows magnified SEM images and EDS line profiles of area A1 and B1 in Figure 6 (a). Stronger detection of Cr, Cs and Te from corroded areas and weaker detection of Cr in the vicinity of the corroded areas can be seen in both EDS mapping images (Figure 6 (a) ) and EDS line profiles (Figure 6 (b) ). The observation result corresponds to typical Cs-Te corrosion [10, 15] . Cs and Te detections on the 9Cr-0.1C(A) surface are from the Cs-Te corrosive compound adhered during the corrosion test. Fe layer and Cr-O layer near the specimen surface are caused by selective oxidation of chromium in the controlled test atmosphere (the oxygen potential is approximately -416.5 kJ/mol at 923K). The test condition can oxidize only chromium in the Fe-Cr alloy and make non-oxidized Fe to precipitate on the surface according to a past reference [16] .
Result
Nature of Corrosion
< Figure 6 (a) > SEM images and EDS mapping images of cross-section of the specimens after the corrosion test. < Figure 6 (b) > Magnified SEM images and EDS line profiles of area A1 and B1 in Figure 6 (a).
Cs-Te corrosion product
A part of corroded area as seen in Figure 6 was extracted from each specimen and fabricated to TEM samples by Focus Ion Beam method. Figure 7 shows (a) a TEM image and EDS mapping images of a part of corroded area in 9Cr-0.1C(A), (b) an electron diffraction pattern of the corrosion product A in the TEM image. Figure 8 shows (a) a TEM image and EDS mapping images of a part of corroded area in 9Cr-0.1C(B), (b) an electron diffraction pattern of the corrosion product B in the TEM image. Striated Cr-Te-Cs area next to Fe-Cr base material can be seen in both Figure 7 (a) and Figure 8 (a) [24] ). Energy value of a Te peak (Lβ2: 4.301 keV) is near a Cs peak (Lα1: 4.286 keV) which should be noted in this regard. As a result, the corrosion products both A and B can be specified as Cr 3 Te 4 , and the result corresponds to assumable corrosion reactions shown below according to a past reference [10] . Figure 9 shows histograms of corrosion extension depth in 9Cr-0.1C(A) and (B). The distance between the specimen surface and the deepest edge of intergranular corrosion was defined as the corrosion depth in this report. The frequency axis of the histograms represents the number of Cs-Te corrosion edges on the entire cross-section of the specimen. The corrosion is obviously more advanced in 9Cr-0.1C(B) than in 9Cr-0.1C(A). A considerable reason of the result is that the ranged chromium carbide at grain boundaries as shown in Fig.1(b) promoted the Eq.(1) and the corrosion in 9Cr-0.1C(B) extended more along the grain boundary than 9Cr-0.1C(A). This experimental result suggests that to avoid forming chromium carbide at grain boundaries in cladding material can suppress the Cs-Te corrosion extension which is one of the main factors of FCCI in FBR. Figure 10 (a) shows illustrations of cross-section of the specimens before the corrosion test. As written in the section 2.1.1, 9Cr-0.1C(A) has precipitation mainly distributed in the alloy matrix and 9Cr-0.1C(B) has precipitation mainly distributed at grain boundary network. Since the corrosion was observed in both specimens, normally Fe-Cr alloy was covered by passive oxidation film Cr 2 O 3 which cannot react with cesium, tellurium or cesium tellurides as shown below (Eq.(3)~ (9)). The Cr 2 O 3 film might be damaged by sensitization during the corrosion test at 953K at the precipitations. On the 9Cr-0.1C(B) surface, practically grain boundary could be sensitized. On the 9Cr-0.1C(A) surface, some part of the grain boundary which has the precipitation could also be sensitized. The corrosion can start from the sensitized part of the specimen surface along the precipitation distribution. 
Corrosion depth
Discussion
Conclusion
Cs-Te corrosion out-pile tests of two 9Cr steels with different distributions of chromium carbide were carried out at 975K for 100h and their corrosion depths were compared.
Corrosion products in both specimens after the test were specified as Cr 3 Te 4 . Therefore can be presumable corrosion reactions the same as previously reported reactions [10] .
The corrosion is obviously more advanced in a specimen which has grain boundary carbide than in the one that doesn't. A considerable reason of the result is that the ranged carbide at grain boundaries promoted the corrosion reaction 
